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COOLING OF GAS TURBINES 

CROSS SECTION OF WATER-COOLED TUBSINE BUiDE 

By John N. B. Livingood and Eldon W. Sams 

A theoretical analysfe of the croes-sectional temperature dis- 
tribution of a water-cooled turbine blade was made using the relax- 
ation method to solve the Uferentral equation derived from the 
analye is . The analyeie was applied to a epecific turbine blade and 
the studies included fnvastigations of the accuracy of simple meth&a 
to determine the temperature distribution along the mean line of the 
rear part of the blade, of the possible effect of varying the peri- 
metric distribution of the hot-gas-to-metal heat-transfer coefficient, 
and of the effect of changing the thermal conductfvitg of the blade 
metal for a con&ant cross-sectfonal-area blade with two l/4-inch 
diameter coolant paseagos. liz order to determine the effect of having 
a coolant paseage nearer the trailing edge, the temperature at the 
trailing edge of the same size blade with five coolant passages was 
found for several thermal conductivities and lengths of the rear part 
of the blade. The dktance from the trailing edge.to the nearest 
coolant passage wa8 lmted by minimum wall clearance and minimum 
passage diameter. A similar inveetigatFon WBB also made to determine 
the effect of doubling the blade size and using aeven coolant passages. 

The result6 indicated that .a good approximation to the temper- 
ature dietribution along the mean line of the rear part of a turbine 
blade of exact shape may be obtained by a calculation of the taper- 
ature distribution through a wedge of comparable d-e-lone. The 
temperature distribution through the,cross seotion of a constant- 
area water-cooled turbine blade w&s only slightly changed by u8e of 
a variable hot-gae-to-metal heat-transfer coefficient but was affected 
by change8 in the thermal conductivity of the metal. A reduction in 
length of the rear part of the blade from 0.365 inch to 0.240 tich 
resulted in a 350° F drop in trailing-edge temperature for the blade 
with a thermal conductivity of 15 Rtu/(hr)(eq ft>(q/ft) and five cool- 
ant passagee. Doubling the blade eize had no appreciable effect on the 
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blade tem&ratUre dlBtrlbUtlOn. These ??eBUltB indiCELt& that & COOI- 

ant passage about one-fourth lnuh from the trailing edge would probably 
have the effect of keeping the trailing-edge temperature under the 
limit set by current metal.e. 

IXTRODUCTION 

The NACA IB conducting an investigation of methodB of cooling 
gas turbines, including both lndlrect and direct blade cooling, in 
order to ahow that the appllcatlon of a proper method of cooling xl11 
permit the use of gas temperaturee higher than the approximate 15CO" F 

, limit that current uncooled metale require. Indirect blade cooling 
was investigated in reference8 1 t0 3. In reference 1, it waa shown 
that indirect cooling and 8ppllcatlon of a ceramic coating near the 
blade root section would have negligible effects in the upper half 
of a turbine blade unlees metale with very large thermal conductlv- 
ltlee are used. An Increase in the cooling Burfaoe by the addition 
of air-cooling fine to the turbine rotor (reference 2) Bhowed that 
the critical blade temperature could be reduced about 350° F. Rim 
cooling, demon&&ted in reference 3 in terms of turbine operating 
conditions, showed that an increase of only 200° F In the allowable 
gaa temperature could be obtained for most turbine blades. Several 
cooling methode were compared in reference 4, and the suggestion of 
the good poeeibilitiee of direct cooling led to an extenelve lnves- 
tigatlon of thie type of cooling. 

Liquid cooling was Investigated in reference 5. A radial tem- 
perature dlBtributlOn near the coolant passage8 from turbine axie 
to turbine blade tips wae obtained. EffeCtB of variation8 In blade 
length, coolant-passage length, type of coolant, and coolant flow 
were studied. For water aB coolant, with a flow of 6.42 pounde per 
second and an average temperature of 200° F, the blade temperatures 
near the coolant pasBageB through most of the liquid-cooled part of 
the blades were found to be only about one-fifth the effective gas 

temperature. Another inveetigation w&B then made to determine blade 
temperatures away from the coolant paeeages (reference 6). The rear 
part of the blade was replaced by approximate Shapes (wedge, rec- 
tangle, and rlght prism), and temperature distributions through the 
center of theee revealed that temperaturee near the blade trailing 
edge approached the effective gas temperature. Because air cooling 
la lea8 complex than liquid cooling, direct cooling by air wae lnves- 
tlgated (reference 7). Although air cooling wa8 found superior to 
indirect cooling, it did not offer aB extenelve poeBlbllltlcB for 
large gas -temperature increaeee aa liquid cooling. 
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In order to obtain more information concerning the temperature 
distribution in a liquid-cooled turbine blade, a theoretical anal- 
ysis of the temperature distribution through the cross section of 
a water-cooled turbine blade of exact shape was made. The solution 
of the differential equation that resulted was obtained by applying 
the relaxation method. The purpose of the present report is to 
present this analysis and its application to determine blade cross- 
8eCtiOnd temperature distributions. A com-parison of the temper- 
ature distributions thmu& the cross section of the rear part of 
a water-cooled turbine blade of exact shape with that of an approx- 
imate shape is made for a set of chosen turbine operating conditions. 
Temperature distributions are compared for a constant and variable 
heat-transfer coefficient around the blade perimeter for a water- 
cooled turbine blade with two coolant passages and a thermal con- 
ductivity of Ls Btu/(hr)(sq ft)(q/ft). Temperature'distributlons 
are also compared for thermal conductlvltles of 15 and 100 Btu/(hr) 
(sq ft)(q/ft) for the two-passage turbine blade. In order to deter- 
mine the gain that would be obtained by moving a coolant passage 
nearer the trailing edge, the effect of the variation of the length * 
of the rear part of the blade wn.s lnvostigatcd for sovoral thG=l 
conductivities for the same size blade ss that used above (two pss- 
sages) but with five coolant passages, and for a double-sized blade 
with seven coolant passages. In each of the latter cases, the cool- 
ant passage nearest the trailing edge has a 0.079-inch diameter, 
the BmEblleBt practical Size. 

k 

qi 

9, 

T 

Te 

T2 
e 

SYMBOLS 

The following symbols are used In the’analysis: 

thermal conductivity of metal, Btu/(hr)(sq ft)(°F/ft) 
r 

local heat-transfer coefficient between hot gases and metal, 
Btu/bdbq ft)(*) 

heat-transfer coefficient between metal and coolant, Btu/(hr) 

metal temperature,. (OF) 

effective gas temperature,. (OF) . 

liquid-coolant temperature, (OE) 

temperature difference, Te - T, (OF) 
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ANALYSIS 

This investigation WaB restricted to a turbine-blade cross sec- 
tion and hence was two dimenBlona1. 3ustification for this restric- 
tion is presented in references 5 and 6. In reference 5 it is &own 
that there Is little or no radial temperature change through meet of 
a liquid-cooled turbine blade. This fact is furtherverified by a 
three-dimensional investigation in reference 6, which Bhowa very 
little blade-temperature change in the radial direction except near 
the blade root; the heat flowe directly to the liquid coolant through- 
out meet of the blade. .- 

On the basis of this two-dimensional reetrlction, the tempera- 
ture at any point on the.blade croBs Bection my be found by solving 
the Laplace differential equation given in terms of the temperature 
dffference 8 .- 

a3 * a3 = 0 
ax2 as2 

where x and y are Cartesian coordinates. The outer-edge boundary 
condition Is 

and the coolant-passage boundary condition is 

ae an = :(Te - T2 - g) 

where he/&i denotes a partial derivative normal to the boundary. 

A Bolutlon to this problem x&B found by applying the relaxation 
method (reference 6). Temperature estimates for the blade leading 
edge were obtained by a calculation of the temperature dlstrlbution 
between concentric clrclee and for the trailing edge by a calculation 
of the temperature dietrlbution through a wedge of comparable dimen- 
slone by the method ueed In reference 6. From these estimatea, and 
approximations obtained from them by use of the boundary conditions, 
values of 8 were found and inserted at each point of a Bquare net-' 
work of pointe. Residuale, whlch'may be considered ae interior heat 
~lnk~, were then calculated for each net point and reduced in value 
by a eerie8 of suitable changes in 8 at the net points. Each change 
in e at any point effected a redistrlbutlon of reelduals according 
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to a fixed relaxation pattern. Changes in 6 were calculated 
until all residuals wsre reduced to minimum values. Fromthese 
revised values of 8, corresponding temperature values were 
Inserted at each net point and isotherms were drawn to show the 
temperature distribution through the turbine-blade cross section. 

The local heat-transfer coefficients around the blades were 
determined by uelng Reynolds analogy between transfer of heat and 
transfer of momentum. Boundary-layer thecry ma used to determine 
the friction coefficients for turbulent and laminar boundary layers. 
In the process, It was necessary to determine the point of transl- 
tion from the lamlnar to the turbulent boundary layer in the blade. 
The methods of Squire (reference 9) for applying recognized boundary- 
layer theory in combinatirn with Reynolds analogy to obtain heat- 
transfer coefficients over airfoil' shapes were In general used. No 
attempt to explain the method of obtaining the local heat-transfer 
coefficients other than that given Is made because the problem is 
complete In itself and the detail was not needed for the purpose 
of the present report. 

The above analysis was applied to 8 sp%cffic turbine using a 
gae flow of 55 pounds per second, an effective gas temperature of 
20CO" F, a coolant (water) flow of 6.42 pounds per second, and an 
average coolant temperature of 200° F, For the given gas flow, the 
average hot-gas-to-metal. heat-transfer coefffcient was calctrlated 
by the methodB of references 7 and 10 and found to be 217 Btu/(hr) 
bq rt)(OF). 

A turbine blade of constant cross-sectional area containing 
two l/4-inch diameter coolant passages and havfng a thermal oonduc- 
tlvity of 15 Btu/(hr)(sq ft)(OP/ft) W&B considered first. The rear 
part of the blade was replaced by a wedge of comparable dimensions, 
and a temperature distribution obtaked for this wedge by the method 
of reference 6. Thie distribution was then used as a first approxi- 
mation to the temperature distribution along the mean line of the 
rear part of the blade of exact &ape; the relax&&Ion method was 
applied, and a temperature distribution obtained for the exact blade 
ahage. The metal-to-coolant heat-transfer coefficient for the given 
coolant flow and passage diameter was calculated by the methods of 
reference 10 and was found to be 2370 Btu/(hr)(sq ft)(OF). 

For this m blade, temperature distributions were obtained for 
a constant average and for a perimetrlc variable hot-gas-to-metal heat- 
transfer coefficient in order to determine the effect of this variable 
heat-transfer coefficient on the temperature dfstribution. 

. 
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A temperature .diatribution was obtained for a two- aasage blade 
(a~ but with a thermal conductivity of 100 Btu 
(°F ft) 
o-= i 

above), P (hr)(sq ft) 
for the constant average heat-transfer coefficient of 217 Btu/ 

(w wm so that a comparison between this and a previously 
found temperature distribution for a blade withatheml oonductivity of 
15 Btu/(hr)(sq ft)(OF/ft) could be mail3 to detenmitne the effect of 
varying thermal conductivity on the blade temperature distribution. 

The effect of the variation of Isng-th of the rear part of the 
blade wae then investigated. The same size blade, with five coolant 
passages, was coneidered. The distance from the trailing edge to the 
nearoat coolant paasagos WBB Waited by minimum wall clearance and 
minimum paseage diameter. The metal-to-coolant heat -transfer coeffi- 
cient for this passage was calculated by the method of' referonce 10 
and wae found to be 2134 Btu/(hr)(sq ft)(%). Thermal conductivitiee 
of 15, 30, and 60 Btu/(hr)(sq ft)("F/fft) were consfdered, and trailing- 
edge tmperatures wore obtained for various lengths of the rear part 
of the blade. 

A similar investigation of trailing-edge temperatures for a 
double-sized blade with seven coolant passages was made for the same 
conditions as before, except that the metal-to-coolant heat-transfer 
coefficient in this c&83 wae found to be 2412 Btu/(hr)(sq ft)(OF). 

RESULTS AND DISCUSSIOIV 

'The cross section of the turbine blade containing two l/4-inch 
diameter coolant passages ier shown in figure 1, together vith the 
perimetric variation of the hot-gas-to-metal heat-transfer coeffi- 
cient., Values of this heat-transfer coefficient varied from 390 Btu/ 
(hr)(sq ft>(°F) at the blade leading edge to 182 Btu/(hr)(sq ft>(OF) 
near the blade trailing edge; i.e., the ratio af the greatest to the 
least heat-transfer coefficients was approximately 2 to 1. 

Figure 2 shows the temperature dietribution through the two- 
passage blade croaa section, calculated on the basis of the variable 
hot-gas-to-metal heat-transfer coefficFent. In spfte of the large 
heat-transfer coefficients around the leading edge, the leading-edge 
temperature remained below 1200* F. The trailing-edge kmperature, 
however, was found to be 17CC" F, or 300° F belov the effective gerr 
temperature. 

The temperature distribution obtained for the same blade by use 
of the oonstant average heat-transfer coefficient was superimposed 
on that based on the perimetric varfable heat-transfer coeffioient 
and is shown in figure 3. The effect of the use of the average 
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constant heat-transfer coefficient wss a lowering of temperatures 
by about 200' F near the blade leadi 

3 
edge, and a raising of the 

trailing-edge temperature by about 7 F. Inasmuch as the leading- 
edge tamperatures sre already sufficiently low for the use of cur- 
rent metals, and because the increase in trailing-edge temperature 
was not excessive, it was concluded that the use of the average 
constant heat-transfer.coefficient for further investigation would 
result in good approximations for the blade temperature distributions 
yet to be determined. 

The effect of varying thermal conductivity is shown in figure 4 
where the temperature distribution for the blade with a thermal con- 
ductivity of 15 Btu/(hr)(eq ft)(%/ft) i s superimposed on that for 
the blade with a thermal conductivity of 100 Btu/(hr)(sq ft)(oP/ft). 
Use of the higher thermal oonduotivity resulted in a general lower- 
ing of the blade temperatures ranging from a 300' F drop at the 
leading edge to a 600° F drop at the trailing edge. The leadIng- 
edge taperature for this higher-conductivity metal was found to be 
660° F; the trailing-edge temperature was l140° F. 

Temperature distributions were obtained for the rear part of a 
turbine blade of exact shape and for one approximated by a wedge. 
A comparison of the results showed that the temperatures along'.the 
axis-of the vedge were in good agreement withthose along a mean 
line in the rear part of the blade of exact shape. A maximum dif- 
ference of only 2O in 1140' F was found for the blade with a thermal 
conductivity of 1ClO Btu/(hr)(sq ft)(OF/ft). 

The calculations discussed in the preceding paragrahs were all 
obtained for an effective gas temperature of 2000° F. Ackording to 
some German results, however, strong coaling of the blade leading 
edge would cool the boundary layer in the trailing part of the blade, 
and a difference of several hundred degrees fn effective gas tmer- 
ature might result around the blade periphery. On this basis, the 
trailing-edge temperatures as found above may be those corresponding 
to an effective gas taperature saewhat hi&er than 2000' F near 
the blade trailing part. 

The turbine blade containing five coolant passages, used in 
determining the effect of length of the rear part of the blade on 
blade temperature dIstributfons,fe shown in figure 5. Maxfmum 
length of iA3 rear part of the blade fs shown in this ffgure. . 
Results of the fnvestigations for turbine blades with five coolant 
passages are shown in figure 6. For the maximum length of the rear 
part of the blade and a conductivity of 15 Btu/(hr)(sq ft)(%'/f%), 
the trailing-edge temperature was about 1630° F; a reduction in 

. 
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length of the rear part of the blade from 0.365 inch to 0.240 inch 
resulted in a trailing-edge -JemRerature of about 1280° F, Doubling 
the conductivity resulted in deareases of 250* F and 200° F, respec- 
tively, in the trailing-edge temperatures for the maxtium length of 
the rear part of the blade (0.365 in.) and for a length of the rear 
part of the blade of 0.240 inch. Further corresponding reductions 
resulted from~ Incre,asing the thermal condictivity to 60 Btu/(hr) 
h ft) (Wt> l The tiprovement in trailing-edge temperaturea 
obtained by moving a cooling passage nearer the trailfng edge was 
diminiehed because the ratio of the heating area to the cooling area 
is limited, and the metal-to-coolant heat-transfer coefficient 
decreased with the decrease in coolant-passage diameter. 

Similar investigations were made for the double-sized blade 
with aeven coolant -passages, sl;own With maximum tail length in 
figure 7. Results similar to those for the five-passage blade were 
obtained (fig, 8). 

Application of the theoretical analysis of the temperature dis- 
tribution through a cross section of a vater-cooled turbine blade to 
a specific turbine revealed the following results: 

1. The temperature distributions along the mean line of the rear 
part of a turbine blade of exact shape may be accurately obtained by a 
calculation of the temperature distribution through a wedge of com- 
parable dimensions. 

2. The temperature aistribution through a cross section of a 
constant-area water-cooled turbine blade was slightly changed by use 
of a calculated variation in the hot-gas-to-metal heat-transfer coef- 
ficient fnstead.of a constant average hot-gas-to-metal heat-transfer 
coefficient. : 

3. The temperature distribution through a cross eection of a 
water-cooled turbine blade was greatly responsive to changes in the 
thermal conductivity of the metal. 

4. A reduction in length af the rear part of the blade from 
0.365 inch to 0.240 inch reduced the trailing-edge temperatures &out 
350' F for the five-passage blade with a thermal conductivity of 
15 Btu/(hr)(sq ft)(OF/ft). 

I 
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5. Blade size had no appr&Si&ble effect on the blade taper-. 
ature distribution if additional cooling psssages 8mcmp8nied sny 
increaa& in blade size. 

6. These l?SSUltS indiC8ted that 8 COOlEd pSS&@ 8bOUt OR0- 
fourth inch from the trslling edge would probably h8ve the effect 
of keeping the trailing-edge teraper8ture under the 1ImIt set by 
surrent metals. 

Aircraft Engine Rese8mh Labor8tory, 
Nation81 Advisory CommIttee for Aeronautlca, 

Cle-veland, Ohio. 
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Figure i. - Cross section of turbine blade showing variation of heat-transfer 

coefficient around blade perimeter. 
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Figure 2. - Temperature distribution through cross section of water-cooled 
turbine blade for variable hot-gas-to-metal heat-transfer cwffieiont qI. 
Thermal conductivity of metal h, IS Btu/(hrlIsq (tt~OF/ft);‘effecttve gas 
temperature T,, 2000’ F; average water temperature It, lw” F. 

, 

‘ 
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Ffgurt 3. - Effect of varlattlon of hot-gas-to-metal heat-transfer coef- 
f letant ql, on temperature distribution through cross section of water- 
cooled turbine blade- ThemI conductivity of metal k, 15 Btulihf) 
lsq ft)(oF/ftl; effective gas temperature T,, 2000’ F; average water 
temperature ft loO” F. 
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Figure 4, - Effect of variation of thermal conductivity k on temperature 
distribution through water-cooled turbine blade. Hot-gas-to-metal heat- 
transfer coefficient ql, 217 Btu/(hrllsq ftl(OFI; effective gas tem- 
perature ler 2000° F; average water temperature T2, 200° F. 
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Ffgure 3. - Cross section of wrter-coolod turbine blade showing location and sire 
of five coolant passages and blade dimensions with maximum length of rear part 
of blade. 
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Figure 6. - Trai I lng-edge temperature as function of length of rear part of blade 
for water-cooled turbine blades with five coolant passages and various thermal 
conductlvltles. 
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Fig. 7 

Figure 7. - Cross section of water-cooled turbine blade showfng location 
and size of seven coolant passages and blade dimensions with maximum 
length of rear part of blade. 

. 
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Figure 8. - Trai I Ing-edge temperature as function of length Of rear part of blade 
for water-cooled turbine blades with seven coolant passages and various thermal 
conductlvltles. 


